Asymmetric stem cell division balances maintenance of the stem cell pool and generation of diverse cell types by simultaneously allowing one daughter progeny to maintain a stem cell fate and its sibling to acquire a progenitor cell identity. A progenitor cell possesses restricted developmental potential, and defects in the regulation of progenitor cell potential can directly impinge on the maintenance of homeostasis and contribute to tumor initiation. Despite their importance, the molecular mechanisms underlying the precise regulation of restricted developmental potential in progenitor cells remain largely unknown. We used the type II neural stem cell (neuroblast) lineage in Drosophila larval brain as a genetic model system to investigate how an intermediate neural progenitor (INP) cell acquires restricted developmental potential. We identify the transcription factor Klumpfuss (Klu) as distinguishing a type II neuroblast from an INP in larval brains. klu functions to maintain the identity of type II neuroblasts, and klu mutant larval brains show progressive loss of type II neuroblasts due to premature differentiation. Consistently, Klu protein is detected in type II neuroblasts but is undetectable in immature INPs. Misexpression of klu triggers immature INPs to revert to type II neuroblasts. In larval brains lacking brain tumor function or exhibiting constitutively activated Notch signaling, removal of klu function prevents the reversion of immature INPs. These results led us to propose that multiple mechanisms converge to exert precise control of klu and distinguish a progenitor cell from its sibling stem cell during asymmetric neuroblast division.
INTRODUCTION
Asymmetric stem cell divisions provide an efficient mechanism for maintaining a steady stem cell pool while generating progenitor cells that give rise to differentiated progeny within the tissue where the stem cells reside (Morrison and Kimble, 2006; Pontious et al., 2008; Kriegstein and Alvarez-Buylla, 2009; Knoblich, 2010; . Progenitor cells possess restricted developmental potential and function to protect the genomic integrity of stem cells by minimizing their proliferation. Since both daughter cells inherit the cellular content from their parental stem cell during asymmetric division, proper specification of sibling cell identity requires precise control of stem cell determinants. Failure to properly downregulate stem cell determinants in presumptive progenitor cells might allow them to acquire stem cell-like functional properties, and can perturb tissue homeostasis and contribute to tumor formation (Krivtsov et al., 2006; Wei et al., 2008) . Thus, mechanistic insight into how the sibling cells assume distinct identities during asymmetric stem cell division is likely to advance our knowledge in stem cell biology, developmental biology and tumor biology.
In fly larval brains, two classes of neuroblast lineage can be unambiguously identified based on the expression of cell fate markers and the properties of their progeny Doe, 2008; Egger et al., 2008; Knoblich, 2010; . A type I neuroblast expresses Deadpan (Dpn) and Asense (Ase) and divides asymmetrically to self-renew and to generate a progenitor cell called a ganglion mother cell (GMC). By contrast, a type II neuroblast (Dpn + Ase -) divides asymmetrically to self-renew and to generate an immature intermediate neural progenitor (INP) that lacks the expression of Dpn and Ase and undergoes maturation during which it acquires an INP identity (Bello et al., 2008; Boone and Doe, 2008; Bowman et al., 2008) . Following maturation, an INP (Dpn + Ase + ) undergoes limited rounds of asymmetric division to regenerate and to produce GMCs. A key functional property that distinguishes these two neuroblast lineages rests on their dependence on Notch signaling for the maintenance of their identity (Bowman et al., 2008; Song and Lu, 2011; . Although dispensable for the maintenance of a type I neuroblast, Notch signaling is crucial for the maintenance of type II neuroblasts (Haenfler et al., 2012) .
In mitotic type II neuroblasts, polarization of the cell cortex allows the basal proteins, including Brain tumor (Brat) and Numb, to segregate into the cortex of the presumptive immature INP and promote the formation of INPs (Bello et al., 2006; Betschinger et al., 2006; Lee et al., 2006a; Lee et al., 2006c; Wang et al., 2006; Bowman et al., 2008; Wirtz-Peitz et al., 2008; Prehoda, 2009) . Whereas a wild-type type II neuroblast is surrounded by three to five immature INPs and twenty to thirty INPs, a brat or numb mutant type II neuroblast is always surrounded by supernumerary neuroblasts at the expense of INPs. Thus, previous studies have proposed that brat and numb function in immature INPs, where these proteins promote the specification of an INP identity. However, the mechanisms by which brat and numb trigger an immature INP to assume the identity of an INP remain unknown.
In this study, we show that precise regulation of klu function is pivotal for distinguishing the self-renewing neuroblast from its sibling progenitor cell during asymmetric neuroblast division. Klu is necessary for the maintenance of type I and II brain neuroblasts, as klu mutant larvae showed progressive loss of both types of neuroblast. Klu is detected in all neuroblasts but is absent from their immediate daughter progenitor progeny. Misexpression of klu in immature INPs led to the formation of supernumerary type II neuroblasts. Importantly, removal of klu function prevented the reversion of immature INPs to type II neuroblasts triggered by the loss of brat function or constitutive activation of Notch signaling. Furthermore, overexpression of klu also exacerbated the reversion of GMCs to type I neuroblasts as triggered by the aberrant activation of Notch signaling. Together, we conclude that precise control of klu function by multiple signaling mechanisms distinguishes a neuroblast from a progenitor cell during asymmetric division of fly larval brain neuroblasts.
MATERIALS AND METHODS

Fly strains
Mutant and transgenic flies used include brat 150 (Betschinger et al., 2006) , numb 2 (Skeath and Doe, 1998) , klu R51 (Kaspar et al., 2008) , erm-GAL4 (III) (Pfeiffer et al., 2008) , wor-GAL4 (Lee et al., 2006b) , UAS-klu-HA, UAS-klu -HA and UAS-klu zf1 -HA (Kaspar et al., 2008) , UAS-Notch intra (Chung and Struhl, 2001) and UAS-cMyc (Benassayag et al., 2005) . erm-GAL4 (II) was generously provided by Dr G. Rubin (HHMI). The following stocks were obtained from the Bloomington Drosophila Stock Center: Oregon R, brat DG19310 , brat k06028 (Arama et al., 2000) , brat 11 (Arama et al., 2000) , Notch 55e11 (Artavanis-Tsakonas et al., 1984) , klu
09036
, Df(H99) (White et al., 1994) , UAS-mCD8-GFP, UAS-apoliner (Bardet et al., 2008) , UAS-p35, UAS-GFP, FRT19A (Lee and Luo, 2001 ), FRT2A, hs-flp (Lee and Luo, 2001) , Act-FRT-Stop-FRT-GAL4 (Pignoni and Zipursky, 1997) , tub-GAL80 (Lee and Luo, 2001 ) and tub-GAL80 ts (Bloomington Drosophila Stock Center). Transgenic fly lines UAS-brat-myc, UAS-HA-klu, UAS-HA-klu ,
UAS-HA-klu
zf1 and UAS-HA-klu zf4 were generated using the pUAST-attB vector for insertion into an identical docking site in the fly genome via C31 integrase-mediated transgenesis (Bischof and Basler, 2008) .
Immunofluorescent staining and antibodies
Larval brains were dissected in Schneider's medium (Sigma), fixed in 4% formaldehyde for 23 minutes and washed twice for 20 minutes each in 1ϫ PBS containing 0.3% Triton X-100 (PBST). After washing, brains were incubated with primary antibodies in PBST for 3 hours at room temperature. Antibodies used include rat anti-Dpn (1:1000; this study), rabbit anti-Ase (1:400) (Weng et al., 2010) , guinea pig anti-Ase (1:50; this study), mouse anti-Prospero (MR1A, 1:100) (Lee et al., 2006a) , guinea pig anti-CycE (1:1000; T. Orr-Weaver, Massachusetts Institute of Technology, MA, USA), mouse anti-Dlg (1:50; Developmental Studies Hybridoma Bank), chicken anti-GFP (1:2000; Aves Labs), rabbit anti-Klu (1:200) (Yang et al., 1997) , rat anti-Mira (1:100) (Lee et al., 2006a) , guinea pig anti-Numb (1:1000; J. Skeath, Washington University, WA, USA), rabbit anti-aPKC (1:1000; Sigma), mouse anti-phosphohistone H3 (1:2000; Upstate Biotechnology), rabbit anti-PntP1 (1:600; J. Skeath) and rabbit anti-RFP (1:100; Rockland). Secondary antibodies were from Molecular Probes and Jackson Labs. We used Rhodamine phalloidin (1:100; Invitrogen) to visualize cortical actin. The confocal images were acquired on a Leica SP5 scanning confocal microscope.
Clonal analyses
Lineage clones were induced following the previously published method (Lee and Luo, 2001; Weng et al., 2010) .
RESULTS
klu functions to maintain the identity of larval brain neuroblasts
Brat is required cell-autonomously for the formation of INPs in larval brains (Betschinger et al., 2006; Lee et al., 2006c; Bowman et al., 2008 To test whether Brat functions to prevent an immature INP from reacquiring a neuroblast fate or by promoting it to assume an INP identity, we first analyzed the expression of cell fate and cell proliferation markers in wild-type and klu mutant larval brains (Fig.  1A) . In wild-type larvae, the total number of neuroblasts reached the plateau of almost 100 per brain hemisphere 72 hours after larval hatching (ALH) and remained at 100 per lobe at 96 hours ALH (Fig. 1B -BЉ,F; n10 brains per stage). In similarly staged klu mutant larvae, total neuroblasts plateaued at ~80 per brain hemisphere at 72 hours ALH and decreased to less than 60 per lobe at 96 hours ALH (Fig. 1C -CЉ,F; n10 brains per stage). Importantly, brain neuroblasts in wild-type or klu mutant larvae displayed similar proliferation profiles as indicated by the expression of Cyclin E (CycE) and EdU pulse-chase labeling ( Fig.  1D ,E; 100% of neuroblasts in the brain, n10; data not shown). These results strongly suggest that klu is required for the maintenance of brain neuroblasts.
We next tested whether klu functions cell-autonomously to maintain brain neuroblasts by inducing GFP-marked mosaic clones derived from a single wild-type or klu mutant neuroblast. Although both wild-type and klu mutant type I neuroblast clones maintained a single neuroblast per clone, 36.7% of the klu mutant clones contained neuroblasts of reduced cell diameter (≤10 m) (Fig. 1G -Hٞ,L; n30 clones per genotype). Similarly, half of the klu mutant type II neuroblast clones also contained neuroblasts of reduced cell diameter (≤10 m) (Fig. 1I -Jٞ,L; n8 clones per genotype). Reduction in neuroblast diameter was previously shown to correlate with the onset of premature differentiation (Lee et al., 2006b; Song and Lu, 2011) . Consistently, 12.5% of the klu mutant clones contained multiple INPs, GMCs and their progeny ( Fig. 1K-L ; n8 clones). Together, these results led us to conclude that klu functions to maintain the identity of neuroblasts in larval brains and to propose that Brat is likely to prevent an immature INP from reacquiring a neuroblast fate by antagonizing Klu.
Defects in cell polarity or aberrant activation of cell death can lead to premature neuroblast loss in larval brain (Lee et al., 2006b; Bello et al., 2007) , so we tested whether klu maintains neuroblast identity by regulating cell polarity or cell survival. To assess whether klu is required for polarization of the neuroblast cortex, we examined the localization of atypical Protein kinase C (aPKC), Miranda (Mira) and Numb Rolls et al., 2003; Lee et al., 2006a; Lee et al., 2006c) in telophase neuroblasts in klu mutant brains. We detected aPKC segregated exclusively into the cortex of the future neuroblast and Mira and Numb localized asymmetrically in the cortex of the future progenitor cell in klu mutant brains (supplementary material Fig. S2A,B) . Thus, since mitotic klu mutant neuroblasts displayed asymmetric localization of the apical and basal proteins, it is unlikely that klu maintains the identity of neuroblasts by regulating polarization of the neuroblast cortex. To determine if klu is required for the maintenance of neuroblast survival, we examined whether blocking activation of apoptosis would prevent the premature loss of neuroblasts in klu RESEARCH ARTICLE Development 139 (15) mutant brains. We generated mosaic clones derived from a single type I or II neuroblast lacking klu alone or klu and the Df(3R)H99 locus. The H99 locus contains three crucial activators of apoptosis in the fly genome (White et al., 1994; Grether et al., 1995; Chen et al., 1996; White et al., 1996) . However, removal of the H99 locus did not significantly decrease the occurrence of neuroblasts of reduced cell diameter (≤10 m) or revert the absence of type II neuroblasts in klu mutant clones (supplementary material Fig. S2C -Dٞ; n14 per genotype). Furthermore, we failed to detect aberrant activation of caspases in klu mutant brains, and blocking caspase activity did not prevent premature neuroblast loss in klu mutant brains (supplementary material Fig. S2E -I; n15 per genotype). Thus, we conclude that Klu does not maintain the identity of neuroblasts by regulating cell polarity or cell survival. 
Overexpression of klu induces massive expansion of type II neuroblasts
Phenotypic analyses of klu mutant brains led us to conclude that klu functions to maintain the identity of neuroblasts in larval brains, so we hypothesized that klu should be expressed in both type I and II neuroblasts. We first assessed the spatial expression pattern of the klu-lacZ enhancer trap line in larval brains. We detected lacZ expression in both type I and II neuroblasts as well as in their immediate progenitor progeny in larval brain (supplementary material Fig. S3; n10) . Since the half-life of the -gal protein might be longer than that of endogenous Klu protein, we stained larval brains carrying GFP-marked lineage clones derived from a single wild-type type I or II neuroblast with an antibody specific for Klu protein.
In the type I neuroblast lineage, Klu was detected in the neuroblast but undetectable in GMCs and their progeny ( Fig.  2A -AЉ,C; n9 clones). In the type II neuroblast lineage, Klu was present in the neuroblast and INPs but absent from immature INPs and GMCs ( Fig. 2B-C; n5 clones) . Thus, we conclude that Klu is expressed in both types of neuroblast but is absent from their immediate progenitor progeny. The spatial expression pattern of Klu is consistent with its proposed function in the maintenance of neuroblast identity, so we tested whether increased function of klu can trigger the formation of supernumerary neuroblasts. We first overexpressed a UAS-klu 2673 RESEARCH ARTICLE klu promotes neuroblast fate transgene under the control of a pan-neuroblast wor-GAL4 driver in larval brains. Unexpectedly, we observed massive expansion of type II neuroblasts but did not detect any increase in type I neuroblasts ( Fig. 2D-EЉ ; n7 per genotype). Similarly, lineage clones derived from a single type I neuroblast overexpressing klu driven by a constitutively active Actin-GAL4 driver reproducibly contained one neuroblast per clone ( Fig. 2F-Fٞ ; 100%, n10 clones). By contrast, type II neuroblast clones overexpressing klu contained mostly neuroblasts ( Fig. 2G-Gٞ; 100%, n10 clones) . Together, these results indicate that increased function of klu specifically leads to the expansion of type II neuroblasts.
Misexpression of klu in immature INPs leads to supernumerary type II neuroblasts
We next examined the cell type from which supernumerary neuroblasts arise in the type II neuroblast clones overexpressing Klu. We tested whether type II neuroblasts overexpressing Klu undergo symmetric division in telophase to generate supernumerary neuroblasts by analyzing the localization of aPKC, Mira and Numb. We observed that aPKC segregates into the cortex of the future neuroblast and Mira and Numb partition into the cortex of the future immature INP ( Fig. 3B,C ; n15 per genotype). This result strongly suggests that a type II neuroblast overexpressing klu divides asymmetrically to generate a neuroblast Fig. 3A-Aٞ;  100%, n8) . Thus, it is unlikely that supernumerary neuroblasts in type II neuroblast clones overexpressing Klu originate from symmetric neuroblast division or de-differentiation of INPs.
As an alternative, we tested whether overexpression of klu in neuroblasts indirectly leads to increased function of Klu in immature INPs, triggering them to acquire a neuroblast fate. We searched for GAL4 lines that can drive expression of the UAS transgene in immature INPs. The erm-GAL4 transgene inserted on the third chromosome (III) in the fly genome is sufficient to induce UAS transgene expression in INPs but not in type II neuroblasts (Pfeiffer et al., 2008; Weng et al., 2010 (Fig. 3D-Dٞ,F; n8) . By contrast, the reporter expression driven by erm-GAL4 (III) was only first detected specifically in Ase + immature INPs ( Fig. 3E-F; n8) . We then tested whether increased function of klu in Ase -or Ase + immature INPs can lead to the formation of supernumerary neuroblasts. Indeed, misexpression of klu driven by erm-GAL4 (II) led to a greater than 10-fold increase in type II neuroblasts per brain lobe compared with a similarly staged wild-type brain lobe (Fig. 3G,J and Fig. 1F; n8) . Although misexpression of one copy of UASklu driven by one copy of erm-GAL4 (III) failed to induce supernumerary type II neuroblasts, doubling the number of UASklu and erm-GAL4 (III) transgenes led to modest expansion of type II neuroblasts ( Fig. 3H-J; n12 per genotype) . Together, these data strongly suggest that immature INPs can indeed revert to type II neuroblasts in response to misexpression of klu. Promotion by Klu of supernumerary type II neuroblast formation is dependent on the zincfinger motifs klu, the fly ortholog of the mammalian Wilms tumor 1 (WT1) gene, encodes a putative transcriptional regulator characterized by four C 2 H 2 zinc-finger motifs in the C-terminus (Klein and CamposOrtega, 1997; Yang et al., 1997) . Vertebrate studies have shown that WT1 requires its zinc-finger motifs to regulate transcription of its target genes (Roberts, 2005) . To test whether Klu triggers supernumerary neuroblasts by acting as a transcriptional regulator, we ectopically expressed a series of UAS-klu transgenes in neuroblasts (Fig. 4A) . We focused our analyses on the type II lineage as overexpression of the full-length Klu transgenic protein specifically led to the expansion of type II neuroblasts (Fig. 2E-EЉ) .
Expression of the Klu 1-583 transgenic protein (which lacks all four zinc-finger motifs) failed to induce supernumerary neuroblasts, indicating that the zinc-finger motifs are indispensable for Klu to promote the identity of type II neuroblasts ( Fig. 4B,E ; 100%, n10 per genotype). Although expression of the Klu zf1 transgenic protein (which lacks zinc-finger 1) was sufficient to induce supernumerary neuroblasts, it appeared to be less potent than expression of full-length Klu (Fig. 2E -EЉ and Fig. 4C ,E; 100%, n10 per genotype). This result strongly suggests that zincfinger 1 is necessary for the optimal function of Klu in promoting the formation of supernumerary neuroblasts. Significantly, expression of the Klu zf4 transgenic protein (which lacks zincfinger 4) completely failed to induce supernumerary neuroblasts, strongly suggesting that zinc-finger 4 is essential for Klu function ( Fig. 4D,E; 100%, n10) . Finally, we confirmed that expression levels of the various truncated Klu transgenic proteins under the above experimental conditions were indistinguishable from each other (supplementary material Fig. S5 ). Our data correlate well with a previously published domain analysis of the Klu protein in the developing sensory organ precursor cell (Kaspar et al., 2008) . Thus, we propose that Klu promotes the identity of type II neuroblasts by regulating gene transcription.
Brat prevents the reversion of immature INPs to type II neuroblasts by antagonizing Klu
Our data thus far are consistent with our hypothesis that Brat distinguishes an immature INP from its sibling type II neuroblast in part by antagonizing the function of Klu. We directly tested whether removal of klu function can suppress the formation of supernumerary neuroblasts and restore INPs in brat 11/k06028 strong hypomorphic mutant brains. The control type II neuroblast clones carrying both copies of the wild-type klu gene in brat 11/k06028 mutant brains contained mostly neuroblasts and very few INPs (Fig. 5A-AٞЈ (Fig. 6H ).
Aberrant activation of Notch signaling promotes the reversion of immature INPs through klu
The basal protein Numb, which is an evolutionarily conserved inhibitor of Notch signaling, is also necessary for the formation of INPs in larval brain, but how Numb regulates maturation of immature INPs has never been characterized (Rhyu et al., 1994; Guo et al., 1996; Bowman et al., 2008 (Fig. 6B-Bٞ,D; n18 clones) . Most significantly, 33.3% of these clones possessed a single neuroblast per clone ( Fig. 6C-D; n18 clones) . Thus, aberrant activation of Notch signaling in immature INPs leads to the formation of supernumerary neuroblasts via a Klu-dependent mechanism.
We directly tested whether klu acts downstream of Notch signaling to maintain type II neuroblasts by assessing the identity of cells in the mosaic clones derived from Notch mutant type II neuroblasts and those overexpressing klu. Whereas most Notch mutant clones did not contain neuroblasts, overexpression of klu completely suppressed the premature loss of type II neuroblasts in the Notch mutant clones ( Fig. 6E-G; 100%, n8 clones) . This result strongly suggests that Notch signaling maintains the identity of type II neuroblasts via a klu-dependent mechanism. Interestingly, overexpression of klu in Notch mutant type II neuroblast clones failed to induce the formation of supernumerary neuroblasts ( Fig.  6F-G; 100%, n8 clones) . Thus, we propose that aberrant activation of Notch signaling induces the reversion of immature INPs to type II neuroblasts by activating multiple downstream genes including klu (Fig. 6H) .
Aberrant activation of Notch signaling promotes reversion of GMCs through klu
Although klu is necessary for the maintenance of type I neuroblasts, overexpression of klu did not lead to an increase in type I neuroblasts. One plausible reason is that additional fate determinants might function redundantly in the specification of GMC identity, leading us to identify Notch signaling as an excellent candidate (Bowman et al., 2008; Wirtz-Peitz et al., 2008; Kaspar et al., 2008) . We tested this hypothesis by first overexpressing klu in the numb mutant clones. Whereas the numb mutant clones possessed an average of three neuroblasts per clone,
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Development 139 (15) overexpression of klu tripled the number of neuroblasts in the same genetic background (supplementary material Fig. S7 ; n10 per genotype). This indicates that increased function of klu can trigger a further increase in supernumerary type I neuroblasts in the absence of Numb. We next tested whether Klu can exacerbate the formation of supernumerary type I neuroblasts induced by activated Notch signaling by examining the identity of cells in the clones derived from a single type I neuroblast ectopically expressing Notch intra alone or Notch intra and klu simultaneously. Although the type I neuroblast clones overexpressing Notch intra contained an average of six neuroblasts per clone, only 60% of these clones contained more than one neuroblast per clone (Fig. 7B-BٞЈ,D; n10 per genotype). By contrast, the type I neuroblast clones co-expressing Notch intra and klu contained an average of 18 neuroblasts per clone, and 100% of the clones displayed the supernumerary neuroblast phenotype ( Fig. 7C-D; n10 per genotype) . Since the clones derived from neuroblasts overexpressing Notch intra alone or Notch intra and klu contained GMCs and their progeny, it is unlikely that the supernumerary neuroblasts arose from symmetric neuroblast division. Instead, increased function of klu most likely further enhances the reversion of GMCs to type I neuroblasts induced by aberrant activation of Notch signaling. To test whether activated Notch signaling promotes the reversion of GMCs to type I neuroblasts via a klu-dependent mechanism, we induced type I neuroblast clones overexpressing Notch intra with or without klu function. Removal of klu function significantly reduced the average number of supernumerary neuroblasts per clone as well as the frequency of clones containing greater than one neuroblast compared with the control clones ( Fig. 7E-G ; n20 clones per genotype). Thus, we propose that aberrant activation of Notch signaling induces the reversion of GMCs to type I neuroblasts by activating multiple downstream genes including klu (Fig. 7H) .
DISCUSSION
Asymmetric stem cell division provides an efficient mechanism to preserve a steady stem cell pool while generating differentiated progeny within the tissue where the stem cells reside. Precise spatial control of the stem cell determinants inherited by both sibling cells in every asymmetric cell division ensures that a daughter cell maintains the stem cell characteristics while the sibling progeny acquires the progenitor cell identity. In mitotic type II neuroblasts, the basal proteins Brat and Numb segregate into immature INPs and are required for the formation of INPs (Bello et al., 2006; Betschinger et al., 2006; Lee et al., 2006a; Lee et al., 2006c; Wang et al., 2006; Bowman et al., 2008; Wirtz-Peitz et al., 2008) . Our study significantly extends the findings from previous studies and showed that Brat and Numb function in immature INPs to prevent them from acquiring a neuroblast fate while promoting the INP identity (supplementary material Figs S1, S6). Identification and characterization of the klu gene led us to propose 2677 RESEARCH ARTICLE klu promotes neuroblast fate that Brat and Numb converge to exert precise control of Klu to distinguish an immature INP from its sibling type II neuroblast (Fig. 6H) . Numb also prevents a GMC from reverting to a type I neuroblast by inhibiting Notch signaling in the type I neuroblast lineage ( Fig. 7 and supplementary material Fig. S7 ). Interestingly, although overexpression of klu was insufficient to induce supernumerary type I neuroblasts, increased function of klu can drastically enhance the reversion of GMCs to type I neuroblasts in the presence of activated Notch signaling (Fig. 7) . Thus, we propose that aberrant activation of Notch signaling induces reversion of GMCs by activating multiple downstream genes including klu. Together, our data led us to conclude that precise regulation of klu by multiple signaling mechanisms distinguishes a progenitor cell from its sibling stem cell during asymmetric stem cell division.
Regulation of INP maturation
The essential role of Brat and Numb in regulating the formation of INPs is well established, but lack of insight into maturation has hindered investigation into the mechanisms by which these two proteins distinguish an immature INP from its sibling type II neuroblast (Bello et al., 2006; Betschinger et al., 2006; Lee et al., 2006a; Lee et al., 2006c; Wang et al., 2006; Bowman et al., 2008; Wirtz-Peitz et al., 2008) . A previous study defined immature INPs by the following criteria: (1) being immediately adjacent to the parental type II neuroblast, (2) lacking Dpn expression and (3) displaying a very low level of CycE expression (Bowman et al., 2008) . Based on these criteria, analyses of the spatial expression pattern of various cell fate markers in the type II neuroblast lineage clones in wild-type brains revealed that onset of Ase expression correlates with an intermediate stage of maturation (supplementary material Fig. S1A-AٞЈ Fig. S1A-B (Fig. 3F-H via a Brat-dependent translational repression of klu mRNA. We propose that Brat might suppress the expression of a co-factor necessary for the function of Klu, just as WT1 requires co-factors in order to regulate the expression of its target genes in vertebrates (Roberts, 2005) . Further investigation will be necessary to discern how Brat establishes restricted developmental potential in immature INPs by antagonizing the function of Klu.
The role of Klu in promoting neuroblast identity WT1 requires its zinc-finger motifs to regulate transcription of its target genes and can function as an activator or a repressor of transcription in a context-dependent manner (Roberts, 2005) . A previous study showed that overexpression of Klu can partially suppress the expression of a lacZ reporter transgene containing the cis-regulatory elements from the even-skipped gene, a putative direct target of Klu, in the fly embryonic central nervous system (McDonald et al., 2003) . Since Klu and WT1 display extensive homology in zinc-fingers 2-4, Klu is likely to recognize a similar DNA binding sequence as WT1 (Klein and Campos-Ortega, 1997; Yang et al., 1997; McDonald et al., 2003) . The even-skipped cisregulatory element contains three putative WT1 binding sites, but nucleotide substitutions in these sites that were predicted to abolish Klu binding failed to render the lacZ reporter transgene unresponsive to overexpression of klu (McDonald et al., 2003) . These data led us to speculate that Klu might recognize a distinct consensus DNA binding sequence to WT1. To test this hypothesis, we generated two UAS-WT1 transgenes that encode the two most prevalent isoforms of the WT1 protein, WT1 -KTS and WT1 +KTS. Interestingly, neither WT1 transgene, when overexpressed by wor-GAL4, triggered the formation of supernumerary type II neuroblasts in larval brain (data not shown). This is consistent with Klu recognizing a distinct consensus DNA binding sequence to WT1. However, we cannot rule out the possibility that the inability of the WT1 transgenic protein to induce supernumerary type II neuroblasts is simply due to the absence of necessary co-factors in the fly, as repression of target gene transcription by WT1 requires additional co-factors in vertebrates (Shervington et al., 2006) . More studies will be necessary to elucidate the molecular function of Klu in promoting type II neuroblast identity.
Progressive restriction of developmental potential during maturation of immature INPs
Restricted developmental potential functionally defines progenitor cells and allows them to generate differentiated progeny through limited rounds of cell division without impinging on the homeostatic state of the stem cell pool (Zon, 2008; Knoblich, 2010; . Despite their importance, the molecular mechanisms by which progenitor cells acquire restricted developmental potential remain experimentally inaccessible in most stem cell lineages. However, studies from various groups have paved the way for using fly larval brain neuroblast lineages as an in vivo model system for investigating how progenitor cells acquire restricted developmental potential (Bello et al., 2008; Boone and Doe, 2008; Bowman et al., 2008; Bayraktar et al., 2010; Weng et al., 2010) .
In this study, we describe the expression pattern of additional molecular markers that allow us to unambiguously identify two distinct populations of immature INPs. Furthermore, we provide experimental evidence strongly suggesting that these two groups of immature INPs possess distinct functional properties. More specifically, Ase -immature INPs readily revert to type II neuroblasts in response to misexpression of Klu, whereas Ase + 2679 RESEARCH ARTICLE klu promotes neuroblast fate immature INPs appear much less responsive to Klu. These data led us to propose that the genome in immature INPs becomes reprogrammed during maturation such that these cells become progressively less responsive to neuroblast fate determinants such as Klu. As a consequence, an INP becomes completely unresponsive to Klu following maturation. Further experiments will be required to validate this model in the future.
